Fluorescence and laser flash photolysis measurements have been performed on two pairs of diastereomeric dyads containing the nonsteroidal anti-inflammatory drug (S)-or (R)-flurbiprofen (FBP) and (S)-tryptophan (Trp), a relevant amino acid present in site I of human serum albumin.
Introduction
The biological role of proteins frequently involves selective binding to relevant substrates. This is the case of transport proteins that upon binding provide a carrier system for xenobiotics, either in the plasma or across membranes. The most important soluble carrier of drugs in blood is human serum albumin (HSA), 1 a globular protein which accounts for about 60% of the total protein in blood serum. It contains 585 amino acids, in a sequence displaying a total of 17 disulphide bridges, one free thiol and a single tryptophan (Trp) unit. [2] [3] [4] [5] The exceptional binding capacity of HSA for a wide range of endogenous and exogenous ligands, together with its abundance, are determining for the pharmacokinetic behavior of drugs. Thus, a detailed knowledge of drug-HSA interactions is essential for the rational design of pharmaceuticals. The pioneering work performed by Sudlow and coworkers three decades ago revealed that there are two major and structurally selective binding sites in HSA, namely site I and site II. 6, 7 Although more recent studies have found evidence supporting the existence of several subdomains, consensus still exists that there are basically two high affinity binding sites for small heterocyclic or aromatic compounds in this protein. Site I is also known as the warfarin binding site and contains the only Trp unit, while site II is known as the benzodiazepine binding site and contains Tyr residues. 8, 9 Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most widely used therapeutic agents. They are prescribed for the treatment of a broad spectrum of pathophysiological conditions including headache, pain caused by degenerative diseases (such as osteo and rheumatoid arthritis) and fever. 10 The main group of NSAIDs are the 2-arylpropionic acid derivatives, such as ibuprofen, naproxen, ketoprofen or flurbiprofen; although they are currently marketed as racemic mixtures (with few exceptions such as naproxen), their antiinflammatory activity is mainly attributed to the (S)-enantiomer. 11 Such drugs bind preferentially (and often stereoselectively) to site II of HSA by means of hydrogen bonding and electrostatic interactions. However, site I is also populated to some extent. 12 
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Fluorescence techniques have been employed in the past to gain insight into the interactions between drugs and proteins, 13 with special attention to transport proteins (for example HSA). An interesting feature of intrinsic protein fluorescence is the high sensitivity of tryptophan to its local environment. Thus, changes in Trp emission spectra can be observed in response to protein conformational transitions, ligand binding or subunit association; all these factors can affect the local environment of the indole chromophore. Moreover, Trp is sensitive to collisional quenching, probably due to a tendency of the excited state of indole to act as electron-donor. 14 Among the NSAIDs, the lowest singlet and triplet excited states of flurbiprofen (FBP) have recently been characterized, and the fluorescence and triplet lifetimes (τF and τT) have shown to be highly sensitive to the medium. 15 In previous work, we have used FBP triplet excited states to study drug distribution among the solution and the different HSA binding sites. 16, 17 On the other hand, the fluorescence behavior of HSA/racemic FBP systems has also been reported. 18 The aim of the present work has been to undertake a systematic fluorescence and laser flash photolysis study on several model dyads containing the chromophores of FBP and Trp, the relevant amino acid present in site I of HSA. This should give information about the operating mechanisms in the excited state interactions using chemically well-defined systems, where the non-covalent supramolecular drug-protein interactions are modeled by the analogous intramolecular processes in covalently linked dyads (Scheme 1and Chart 1). Moreover, a comparison between the behavior of the diastereomeric dyads synthesized from the two FBP enantiomers and the (S)-amino acid would provide valuable indications related to the stereodifferentiating interactions with the transport proteins. 
Results and Discussion

Fluorescence measurements on FBP/HSA supramolecular systems
In the absence of protein, the fluorescence spectra of (S)-or (R)-FBP in phosphate buffer (PBS)/air at λexc = 266 nm were expectedly identical (λmax = 310 nm); 15 they are shown in Figure   1A . The emission of HSA alone was also recorded; it displayed the typical maximum due to the Trp residue (λmax = 340 nm). 14 As shown in Figure 1A , the spectra recorded for equimolar mixtures of (S)-or (R)-FBP and HSA were less intense and contained the contributions of both drug and protein (Trp) emissions, although the latter was clearly predominating. The dual fluorescence from two distinct excited species is in good agreement with the fact that the decays measured at 310 nm (maximum of FBP emission) and 340 nm (due to the Trp chromophore of HSA) are clearly different, as it can be seen in Figure 1B . The most remarkable feature observed in both dyads was a dramatic quenching (see Figure 3A) ; the residual emission was assigned to the Trp chromophore (λem= 340 nm) 14 rather than to FBP.
Moreover, a possible exciplex emission was observed as a broad band between 380-500 nm ( Figure 3B ), specially in the case of (R,S)-1. The fluorescence lifetimes at λem = 340 nm were clearly shorter in the dyads (ca. 0.9 ns) than in (S)-TrpMe (6.4 ns), indicating a dynamic quenching. By contrast, the values of τF at λem = 440 nm were much longer (7.6 and 5.1 ns for
(S,S)-1 and (R,S)-1, respectively).
Figure 3. A Fluorescence spectra of (S)-FBP ( ), (S)-TrpMe ( ), (S,S)-1 ( ) and (R,S)-1 ( ). B Normalized fluorescence spectra of (S)-FBP ( ), (S)-TrpMe ( ), (S,S)-1 ( ) and (R,S)-1 ( ). C Fluorescence spectra of (S)-FBP ( ), (S)-TrpOH ( ), (S,S)-2 ( ) and (R,S)-2 ( ). D Normalized fluorescence spectra of (S)-FBP ( ), (S)-TrpOH ( ), (S,S)-2 ( ) and (R,S)-2 (
). All the experiments were carried out in deaerated acetonitrile, at 1.0·
10 -5 M concentration, using 266 nm as the excitation wavelength. 
The fluorescence spectra of solutions of (S)-FBP, (S)-TrpOH, (S,S)-2 and (R,S)-2 in
acetonitrile are shown in Figure 3C . Again, a strong quenching was observed for both dyads, and the remaining emission was attributed to the Trp chromophore. The fluorescence lifetimes were shorter in the dyads (ca. 1.1 ns in both cases) than in the model (S)-TrpOH, indicating intramolecular dynamic quenching. After normalization of the three emissions, the exciplex was observed as a broad band of low intensity in the interval between 380 and 500 nm ( Figure 3D) FBP-Trp* FBP*-Trp  →
Scheme 2
The relative energies of the different excited states of FBP-Trp dyads are shown in Figure   5 , together with the most relevant excited state processes. The fluorescence quantum yields obtained using the free amino acid Trp as standard (φF = 0.13 in water) 19 Table 1 . Figure 3) show that emission occurs exclusively from the Trp chromophore (λmax = 340 nm). 14 Then, kQ for the Trp unit (step (viii) in Scheme 2) was determined by means of equation 1:
together with the corresponding rate constants for the models ((S)-FBP, (S)-TrpMe, (S)-TrpOH) and for compounds (S,S)-1, (R,S)-1, (S,S)-2 and (R,S)-2 are given in
The fluorescence spectra of (S,S)-1, (R,S)-1, (S,S)-2 and (R,S)-2 (
where τF is the fluorescence lifetime in the dyad and τF (model) is that of the model (S)-TrpMe or (S)-TrpOH. Thus, kQ was found to be 9.54 × 10 8 s -1 for both diastereomers of 1 and 7.86 × 10 8 s -1 in the case of dyads 2. From the experimental φF and τF values, the kF corresponding to process (iii) was obtained using equation 2:
Taking into account the above data, the quantum yield for intramolecular dynamic quenching (φQ(dyn)) was estimated through equation 3: 
These φQ values were identical for all dyads (0.87). As the Trp chromophore is absorbing only ca. 40% of the incident photons at 266 nm (see Figures 2A and 2B has to be in the same order as φF; c) back electron transfer in the radical ion pairs (Scheme 2, process (ix)) resulting from quenching of the excited singlets (∆G ca. -12 kcal mol -1 ). This is indeed the most feasible pathway, as the added φQ (ov) and φT clearly exceed the unity. 
Photophysical studies on FBP-Trp dyads in 1,4-dioxane
In order to disfavor the occurrence of intramolecular electron transfer, fluorescence measurements were also performed in 1,4-dioxane, whose dielectric constant is lower than that of acetonitrile (2.2 vs 37.5). 23 The UV-absorption spectra of (S,S)-1 and (R,S)-1, ( Figure 6A) were identical to the added spectra of the isolated FBP and Trp units, at the same concentrations, in accordance with the lack of any significant ground-state intramolecular interactions between the two moieties. The relevant quantum yields and rate constants (obtained as detailed above for the corresponding data in acetonitrile) are given in Table 1 .
Also in this solvent, emission occurs exclusively from the Trp chromophore (λmax = 340 nm). The kQ for the Trp unit (step (viii) in Scheme 2), using equation 1, was found to be 5.95 × Finally, it must be noted that the triplet quantum yields (φT) determined from the LFP experiments are between 0.1 and 0.2, and that the overall quenching quantum yields (φQ (ov)) fall in the range 0.7-0.9. As the added φT + φQ (ov) values do not exceed the unity, there is no need to invoke in this case back electron transfer in the radical ion pair as the origin of triplet formation.
This agrees well with the fact that electron transfer quenching would be endergonic in 1,4-dioxane, as stated in the above paragraph.
Conclusions
In summary, for the FBP-Trp dyads studied, the main photophysical events can be summarized as follows: 1) most of the energy provided by the incident radiation at 266 nm reaches the 1 Trp*, either via direct absorption by this chromophore or by SSET from 1 
